ABSTRACT X-ray structure analysis of B-DNA double helix with sequence C-G-C-G-A-A-T-T-C-G-C-G has revealed.several sequence-dependent structural features. Four of these are shown in this paper to be related to one another by simple structural or kinematic principles: (i) the correlation between glycosyl torsion angle X and main chain C4'-C3' torsion angle 8, (ii) the observations that purines prefer larger X and 8 angles than do pyrimidines, (iii) the anticorrelation of, or of 8 angles between sugars associated with one base pair, and (iv) the observation that successive base planes in purine-pyrimidine steps open.up.the angle between them toward the major groove, whereas pyrimidine-purine steps open toward the minor groove. Theselfeatures offer the beginning of an understanding of the way in which specific base sequences can perturb the structure of a B-DNA double helix so as to be "read" by intercalating drugs, repressors, and other recognition proteins.
The structure ofa double-helical dodecamer of BWDNA with the sequence C-G-C-G-A-A-T-T-C-G-C-G has recently been solved by single-crystal x-ray analysis (1) (2) (3) (4) . Examination of this molecule has revealed several structural features that appear to be related to base sequence, among them the following.
(i)..The C1'-N glycosyl torsion angle about the bond connecting sugar and base, x% and the main chain C5'-C4'-C3'-03' torsion angle, 8, are strongly correlated. As X ranges from -140°to -90°, 8 varies between 800 and 160°.
(ii) Purines exhibit a systematic preference for larger X and 8 values than pyrimidines do.
(iii) The X or 8 values for sugars associated' with paired bases are anticorrelated: for any one base pair they tend to occur at equal distances to either side of a common midpoint located at 'x =-117°or 8 = 1230.
(iv) Two successive base pairs with the sequence 5' (pyrimidine)-P-(purine) 3' tend to roll about their long axes in such a manner as to open the angle between them toward the minor groove; base pairs of sequence 5'. (purine)-P-(pyrimidine) 3' tend to open toward the major groove.
The purpose of this communication is to demonstrate that all four of these observations are interrelated and have a simple structural explanation. Correlation of torsion. angles X and 8 The seven torsion angles. required to define a polynucleotide structure are shown in Fig. 1 , in the conformation normally -encountered in a B helix. The X and 8 angles for C-G-C-G-A-A-T-T-C-G-C-G are plotted against one another in Fig. 2 ,. and a relationship between them is immediately apparent. This correlation has already been remarked.upon (2) , without structural explanation.
The reason for the correlation can be understood from and atoms 01', 03', and 05' are attached to carbon atoms of the same number. N is the attached atom of a purine or pyrimidine base. X is defined by 01'-C1'-N1-C2 (pyrimnidines) or 01'--C1'-N9-C4 (purines). (Lower) Torsion angle sign conventions and definition of the three staggered bond configurations: gauche-(g-), trans (t), and gauche' (gW). The main chain configuration in Upper is that of the B-DNA helix g-, t, g+, t, t, g-, and the sugar conformation is C2'-endo. in a direction along the helix axis. The phosphorus atom separations along a given helix strand are quite uniform in C-G-C-G-A-A-T-T-C-G-C-G, with a mean (+SD) of 6.68 ± 0.23 A.
Furthermore, linear regression analysis shows that this phosphate separation is not significantly correlated with any of the seven torsion angles, the highest value of any regression coefficient being only 0.53 with angle y. .The phosphate backbone in this B helix is quite insensitive to local perturbations of base and sugar geometry.
In such a regularly spaced helix backbone, the relationship between X and 8 arises because of the necessity of spanning a * This is paper no. 4 8 for the 24 independent bases of C-G-C-G-A-A-T-T-C-G-C-G (circles) and the two independent and nonintercalative bases of the daunomycin complex of C-G-T-A-C-G (squares). Purines are given heavy black borders to distinguish them from pyrimidines. AF and BF are the classical A-and B-DNA conformations as deduced from fiber diffraction data. The diagonal line is the best linear regression fit to the C-G-C-G-A-A-T-T-C-G-C-G data, with a regression coefficient of 0.78. Normal distribution curves on the same relative scale (i.e., with the same area under the curve) have been fitted to the Xand 8 data for purines and pyrimidines separately at left and bottom. Means ± SD are given in the text. (Base plane 1/24 has been omitted from averaging, as representing an end effect from crystal packing.) C-G-C-G-A-A-T-T-C-G-C-G data are from refs. 2 and 3; daunomycin complex data are from ref. 5. roughly constant distance between atoms 03' and C5' as shown in Fig. 3 . Ifthe sugar ring is oriented perpendicular to the plane of bases (Fig. 3a) Fig. 2 is the systematically higher (less negative) values of X and adopted by purines in comparison with pyrimidines. Purines cluster around values close to the value associated with the C2'-endo sugar conformation, whereas the pyrimidine distribution is centered between Cl'-exo and 01'-endo. This too can be given a structural explanation, in terms of steric clashes between atoms in the neighborhood of the pyrimidine glycosyl bond (Fig. 4) . At a X value of -120°as shown, the Cl' hydrogen atom on the sugar is in an eclipsing position relative to the pyrimidine 02 and is only 2.19 A from it. The generally accepted minimal contact distance between nonbonded H and 0 is 2.4 A, and an extreme lower limit is 2.2 A (6, 7). This tight contact cannot be eliminated by rotating X to more positive values because this brings a hydrogen atom on C2' into even closer contact with the hydrogen atom of C6 on the pyrimidine ring. The overlap can be relieved, however, by rotating X to a slightly more negative value. In 'contrast, the larger C1'-N-C bond angle associated with the five-membered ring of a purine (dotted outline in Fig. 4 ) means that neither the purine N3 nor its C8 hydrogen is in any danger ofclose contact with the sugar, so X is free to adopt the value favored by a classical C2'-endo B-DNA helix. Hence, in Fig. 2 , the purine conformations cluster about X = -108°+ 13°and 8 = 1330
140, whereas pyrimidines are distributed around X = -126°± 60 and = 1130 ± 160 (mean ± SD omitting base pair 1/24). The narrowness ofthe Xdistribution for pyrimidines may simply reflect the fact that X is trapped between the steric constraints just mentioned and the extreme lower limit compatible with a B-DNA backbone. Fig. 2 but also the points for paired bases are found at roughly the same distance to either side of the midpoint, either in X or 8. This has been termed the principle of anticorrelation (2) . As At X = -1200, as drawn here, a small overlap occurs between H and 0, shown by the hatched region. Rotation of X to a less negative value to relieve this overlap brings the H of C2' down into contact with the H of C6, seen below it on this X = 1200 drawing. But rotation of X to a more negative value relieves all of the tight contacts. None of these steric clashes is a problem with purines (dotted five-membered ring). Hence purines are free to adopt values broadly distributed about X = -108°, whereas the pyrimidine distribution is more tightly clustered around x = -126°. The stereo drawings of two base pair steps from C-G-C-G-A-A-T-T-C-G-C-G in Fig. 5 and the schematic in Fig. 6 illustrate the explanation of anticorrelation: anticorrelation between glycosyl torsion angles of paired bases simply means that, when the planes of the sugar rings tilt away from perpendicularity to the plane normal to the helix axis (the plane of the drawing in Fig. 6 ), they do so in tandem and to the same extent as viewed from outside the helix. For example, sugar rings 2 and 23 in 
in C-G-C-G-A-A-T-T-C-G-C-G and C-G-T-A-C-G (Fig. 2).
Relationship between glycosyl torsion angles and base plane orientation The rotation of glycosyl angles depicted in Fig. 6 has consequences beyond simple anticorrelation. The C1'-N glycosyl bond does not lie in the approximate plane of the sugar ring; it is bent sharply away from it by the tetrahedral bond geometry at C1'. Hence, when the sugar rings are rocked as observed at base pair C3/ G22 in Fig. 5 (and sketched in Fig. 6b ), the N ends of both C1'-N glycosyl bonds are pushed down into the page. This means that the entire base pair dips down at its top edge (the major groove). This edge moves farther away from base pair G2/C23 (which would lie between the viewer and the base pair depicted in Fig. 6b) , hence opening the G2-C3 step toward the major groove. At the same time, the top edge ofC3/G22 moves closer to base pair G4/C21 (which would be below the page in Fig. 6b) , opening the C3-G4 step toward the minor groove. Fig. 3 . The major groove of the helix is at the upper edge of each stereo pair, and the minor groove is at the lower edge. Base numbering is at left and right. The complete set of stereos of base pair steps appears in ref. 3. These motions are represented schematically in the diagram of the unwound helix (Fig. 7a) . A similar situation exists in figure  7 i andj ofref. 3: rocking the sugar rings ofbase pair GIO/C15 in the manner shown (the opposite of Fig. 6b ) tilts the N ends of the C1'-N glycosyl bonds up and out of the page, bringing the upper edge of the base pair toward the viewer. This opens step C9-G1O toward the minor groove and GIO-C11 toward the major groove.
In both of these examples, the consequence of base plane rolling is an opening ofCpG steps toward the minor groove and of GpC steps in the opposite direction. This was found to groove, and homopolymer steps (Pur-Pur) and (Pyr-Pyr) tend not to roll in either direction (Fig. 7d) . Now we see that this is a natural consequence of the fact that purines prefer higher (less negative) glycosyl X angles than do pyrimidines.
The expected base plane roll for several double helical examples is shown in Fig. 7 : a and d are as observed in C-G-C-G-A-A-T-T-C-G-C-G, and b and c illustrate alternating roll in poly(T-A) and the parallel stacking ofhomopolymer sequences. The tendency of a pyrimidine-purine step to open toward the minor groove may assist the entry ofintercalators such as ethidium from that side (Fig. 7e) . Sobell and coworkers reported (8, 9 ) that, in ethidium complexes with r('CpG) and r('UpA), the base planes are opened by 8°toward the minor groove and the phenyl side chain ofthe ethidium ring makes it virtually certain that this is the direction ofentry ofthe intercalator. By our analysis, the C3'-endo(3'-5')C2'-endo mixed sugar pucker that is encountered in many dinucleotide intercalation complexes would lead to just such an opening ofthe minor groove, and this is visible in the stereo drawings of complexes of r('CpG) with 9-aminoacridine (10), acridine orange (11), ellipticine (12) , and 3,5,6,8-tetramethyl-N-methylphenanthrolinium (12) .
The central TpA step of the C-G-T-A-C-G-daunomycin complex clearly opens toward the minor groove as would be expected from the positions ofT3 and A4 on the X/ 8 plot in Fig.   2 (see figure 3 of ref. 5) . Even in the regions of C-G-T-A-C-G where base stacking has been perturbed by the intercalator, the connection between tilt of individual bases (not base pairs) and glycosyl angle X diagrammed in Fig. 6 can be discerned. But daunomycin is an exception to the previously mentioned intercalators in that a long and narrow planar ring system intercalates its long axis through the helix from the minor groove and actually extends out on the other side into the major groove. This may explain why the base pairs stacked against it to either side appear to be nearly parallel rather than opened toward the minor groove and why the intercalation site consequently need not exhibit mixed sugar pucker. A diagram of base geometry in this complex, as judged from figure 3 in turn is a function of the value of the glycosyl torsion angle xy Base tilt is observed to show a sequence dependence because purines and pyrimidines themselves have different preferences for X values, and this ultimately arises from differences in steric constraints about the bonds to five-membered or six-membered rings. Such an explanation considers the sugar-base-base-sugar assembly as a functional unit, with swivels at the glycosyl bonds but with little other internal freedom. This simple model of course will be perturbed by other degrees of freedom such as propellor twist, and a careful examination of stereo diagrams such as figure 7 of ref. 3 reveals a few examples in C-G-C-G-A-A-T-T-C-G-C-G ofwhat could be termed second-order perturbations in structure. But the simple model does a surprisingly good job of accounting for observations. The correlation between torsion angles X and 8, of course, is a consequence not of the semirigid sugar-base-base-sugar unit but rather of the requirement that this unit be fitted into a regular helix backbone with approximately constant phosphorus-phosphorus spacing.
This analysis indicates one way in which base sequence information, expressed as differences in stereochemical behavior offive-and six-membered rings in purines and pyrimidines, can be "amplified" and transmitted to the framework of the helix in a manner that potentially can be recognized by intercalators and by base-specific recognition proteins such as repressors. In the past it has been generally assumed that most of the recognition of DNA base sequence occurs by means of hydrogen bonds to polar N and 0 groups in the major and minor grooves rather than via helix deformations, perhaps chiefly because information about local helix deformation was not obtainable from fiber diffraction data. The structure analysis of the dodecamer C-G-C-G-A-A-T-T-C-G-C-G reveals that particular base sequences can influence the helix structure in subtle ways. It will be of interest to see whether these influences also play a role in sequence recognition. We 
